Introduction
Crop losses caused by plant pathogens have reached 42% of total crop losses by all factors worldwide and $26 billion annually is spent on pest management (Oerke et al., 1994) . Sugar beet (Beta vulgaris L.) is an economically important crop that provides more than 20% of the world's sugar supply (Joersbo, 2007) ; many significant agronomic problems of sugar beet, including susceptibility to phytopathogenic fungi, have not been solved yet by breeding (Bosemark, 1993; Cook, 1993) . The three major fungal diseases of sugar beet are crown and rot root caused by Rhizoctonia solani K., root rot caused by Aphanomyces cochlioides D., and root diseases caused by Fusarium oxysporum. These diseases often occur synchronously in the same field (Harveson et al., 1994; Rush, 1995a, 1995b) , which notably increases the yield loss. Among these pathogens, Fusarium oxysporum is the least characterized in Iran (Zamani et al., 2004) and has been identified as the cause of 27.8% of sugar beet root rot (Mahmodi and Soltani, 2006) . Fusarium wilt or Fusarium yellows of sugar beet is also caused by Fusarium oxysporum. f. sp. betae (Fob) (Hill et al., 2011) and causes significant reduction in sugar concentration, root yield, and juice purity (Hanson et al., 2009 ). Disease control is presently accomplished using integrated approaches, like cultural measures, resistant varieties, and fungicides. Among the possible biotechnological strategies, the introduction of genes encoding antifungal proteins is a useful starting point to obtain sugar beet resistant to pathogens.
Although considerable progress has been made during last decade in the introduction of foreign genes into crops, sugar beet is still considered a plant recalcitrant to genetic transformation. Agrobacterium tumefaciens-mediated transformation (Lindsey and Gallois, 1990; D'Halluin et al., 1992a D'Halluin et al., , 1992b Krens et al., 1996; Snyder et al., 1999; Hisano et al., 2004) , particle bombardment-mediated transformation (Snyder et al., 1999) , and protoplast-based transformation of sugar beet have already been described in the past. In general, Agrobacteriummediated transformation is simpler, more efficient, and less expensive compared to other systems and also results in a low copy number of insertions. Sugar beet is highly susceptible in vitro to A. tumefaciens transformation (Krens et al., 1988; Lindsey and Gallois, 1990; D'Halluin et al., 1992b; Jacq et al., 1993; Zakharchenko et al., 2000) and susceptibility can be improved by preculturing explants before inoculation (Krens et al., 1996) . Attempts have been made to develop transgenic sugar beet plants resistant to fungi; for example, a chitinase gene from pumpkin was transferred into sugar beet and suppression of disease symptoms caused by R. solani was detected in the transgenic plants (Hashimoto and Shimamoto, 2001; Gurel et al., 2008) . To invade plant tissue, phytopathogenic fungi produce several cell wall-degrading enzymes (CWDEs). Polygalacturonases (PGs) are pathogenicity factors produced at the earlier stages of a fungal infection that depolymerize the major component of pectin, homogalacturonan (Lionetti et al., 2010) . One of the strategies used by plants to limit the degradation of the cell wall polysaccharides by fungal CWDEs is the production of proteinaceous inhibitors (D'Ovidio et al., 2004; Ferrari et al., 2012) . Against fungal, microbial, and insect PGs, plants produce cell wall-associated polygalacturonaseinhibiting proteins (PGIPs) (Spadoni et al., 2006) The overexpression of PGIPs improves the resistance to fungal and bacterial necrotrophs in different plants (Aguero et al., 2005; Ferrari et al., 2012) . PGIPs found in the cell wall of many plants counteract fungal PGs by forming specific complexes with them (Torki et al., 2000; De Lorenzo et al., 2001; Protsenko et al., 2010; Benedetti et al., 2011) , blocking their activity and favoring the accumulation of partially digested fragments of polygalacturonic acid, the oligogalacturonides, that induce the plant defense responses (Cervone et al., 1990; De Lorenzo et al., 2001; Martin et al., 2003) . PGIPs are extracellular proteins belonging to the family of the leucine-rich repeat proteins (Mattei et al., 2001) .
A single PGIP can recognize a broad range of fungal PGs and by limiting PG activity can prevent cell wall degradation and restrict fungal growth and colonization (Federici et al., 2006; Casasoli et al., 2009; Ferrari et al., 2011) . For example, PvPGIP1 is able to recognize and inhibit several PGs produced by different phytopathogenic fungi such as Aspergillus niger, Colletothricum acutatum, Staenocarpella maydis, and Botrytis cinerea (D'Ovidio et al., 2004) . Numerous studies have shown that PGIP reduces the susceptibility to fungal attack in different transgenic plants like tobacco, pear, apple, tomato, Arabidopsis, wheat, and grapevine (Benito et al., 1998; Powell et al., 2000; Atkinson et al., 2002; Faize et al., 2003; Ferrari et al., 2003; Tamura et al., 2004; Aguero et al., 2005; Manfredini et al., 2005; Joubert et al., 2006 Joubert et al., , 2007 Kortekamp, 2006; Oelofse et al., 2006; Gregori et al., 2008; Janni et al., 2008) . In this study, the Pgip1 gene of P. vulgaris (Pvpgip1), encoding one of the PG inhibitors thus far characterized (De Lorenzo et al., 2001; Benedetti et al., 2011) , was transformed into sugar beet using an Agrobacterium-mediated genetic transformation.
Materials and methods

Agrobacterium strain and plasmids
The binary vector designed as pBIAH17 was used in the transformation experiment. pBIAH17 was generated from pBI121 through replacement of the GUS coding sequence with the Pgip1 gene (Accession number: AY508111) of P. vulgaris (cultivar Naz Red Bean). Prior to cloning into the pBI121, a wild-type leader sequence for secretion was fused to the upstream of the Pgip1 coding sequence such that the Pgip1 gene product was secreted into the apoplastic space. The T-DNA of pBIAH17 retains the neomycin phosphotransferase (nptII) selection gene of pBI121 for plant selection. The T-DNA map, including the nptII and Pvpgip1 (replaced with GUS int) expression cassettes, is shown in Figure 1 . The freeze-thaw method (Sambrook and Russell, 2001 ) was used to mobilize pBIAH17 into Agrobacterium tumefaciens (GV3101). GV3101:pBIAB17 was cultured for 2 days at 28 °С on a rotary shaker at 180 rpm in liquid LB medium containing 50 mg L -1 kanamycin and 50 mg L -1 rifampicin (Sambrook et al., 1989; Norouzi et al., 2005) until an OD600 nm of 0.6-0.7 was reached. Bacterial cultures were centrifuged at 3500 rpm at 4 °C for 10 min and pellets were resuspended in bacterial-inducing medium (0.5X MSB (Murashige and Skoog, 1962 Basic) medium). After addition of 200 µM acetosyringone, bacteria were further cultivated at 28 °С to an OD600 nm of 1. The culture was diluted with liquid MS medium before cocultivation with plant explants to obtain a final OD600 nm of about 0.3 (Chilton, 1974; Mishutkina et al., 2010) .
Plant materials and tissue culture conditions
Seeds of sugar beet cultivars SBSI-01 and SBSI-02 (provided by the Sugar Beet Seed Institute, Karaj, Iran) were scarified by immersion in concentrated sulfuric acid for 60 min and washed under running tap water. The seeds were then surface-sterilized using ethanol (70% w/v) for 5 min, rinsed 3 times in sterile distilled water, and immersed in 10% sodium hypochlorite plus Tween 20 (1 drop/100 cm 3 solution) for 10 min. Subsequently, the seeds were washed 3 times with sterile distilled water. After 3 rinses with sterile distilled water, seeds were placed onto petri dishes containing MSB medium containing 8 g L -1 agar and 0.5 mg L -1 2,3,5-triiodobenzoic acid (TIBA). Seeds were left to germinate at 22-25 °С under a 16-h photoperiod. After 7-10 days of germination, the shoot apices of the germinates were excised ( Figure 2a ) and transferred onto shoot-inducing medium I [MSB, 1 mg L -1 N6-benzyl adenine (BA), 0.1 mg L -1 α-naphthalene acetic acid (NAA), and 0.5 mg L -1 TIBA] (Figure 2b ). Two weeks later, shoots were transferred to shoot-inducing medium II [MSB, 0.5 mg L -1 BA and 0.1 mg L -1 indole-3-butyric acids (IBA)] for optimal shoot development ( Figure 2c ). For induction of shoot regeneration from butts (around the main vein of the leaves), leaf blades were cut from the shoots and placed on shoot-inducing medium II (Figure 2d ). The shoots regenerated from the veins of the leaf blades were cut and the remainder of the leaf blades, carrying the shoot bases, were used as explants for transformation.
All tissue culture dishes were incubated in a growth chamber at 20 ± 2 °С and 70% humidity under a 16/8-h (light/dark) photoperiod with light provided by high pressure metal halide lamps (60 µm -2 s -1 ) (Jafari et al., 2009) . The MSB medium containing MS salts (Murashige and Skoog, 1962) and B5 vitamins (Gamborg, 1970) was used as basal medium. The pH of all media was adjusted to 5.8, except for the bacterial-induction medium (pH 5.5). MSB nutrient medium contained 30 g L -1 sucrose and 8 g L -1 agar.
Transformation procedure
Sugar beets of genotypes SBSI-01 and SBSI-02 were transformed by pBIAH17 containing a Pvpgip1 gene and an nptII gene. Plants were regenerated and transformed as described by Norouzi et al. (2005) and Mohammadzadeh et al. (2012) .
PCR analysis
In order to detect the presence of the Pvpgip1 gene by PCR analysis, genomic DNA was extracted from the plant leaves using a CTAB method adapted from Dellaporta et al. (1983) and Doyle and Doyle (1990) . Plant leaves were ground in liquid nitrogen and incubated in a lysis buffer, containing 50 mM Tris-HCl (pH 8.0),150 mM NaCl, and 100 mM ethylene diamine tetraacetic acid (EDTA), and 20% (w/v) sodium dodecyl sulfate (SDS), 5 M NaCl, and 20% CTAB (w/v). DNA was cleaned with an equal volume of phenol, chloroform, and isoamyl alcohol (25:24:1) and precipitated using -20 °С isopropanol (1:1). Precipitated DNA was washed with 70% ethanol, dried, and suspended in 50 µL of water. PCR primers specific to the Pgip1 gene, 5′-GCTCTAGAATGTCCTCAAG CTTAAGCAT-3′ (Fw) and 5′-GCACGAGCTCTTAAGTGCAGGCAGGAAG-3′ (Rw), were used, and the expected size of the amplified fragment was 1029 bp. Taq DNA polymerase was used in a standard 34-cycle reaction with annealing temperature of 54 °C. The plasmid pBIAH17 and the genomic DNA extracted from a nontransgenic plant were used as templates in the positive and negative controls, respectively.
Southern analysis
For Southern analysis, genomic DNAs were isolated from T0 plant leaves based on the protocol of the CTAB extraction method adapted from Doyle and Doyle (1990) and Dellaporta et al. (1983) with the addition of DNasefree RNase A treatment (Sigma, 0.5 mg L -1 , 37 °C, 10 min). Twenty-five micrograms of genomic DNA from each sample was digested with EcoR1 and EcoR1/HindIII. Both enzymes were cut once in the transgene cassette and the EcoR1/HindIII digestion released a 2161-bp diagnostic fragment. Plasmid DNA equivalent to one copy of the Pvpgip1 gene and nontransgenic plant DNA were used respectively as positive and negative controls. These were subjected to electrophoresis in a 0.8% agarose gel. The fractionated DNA was transferred to a positively charged nylon membrane (Roche Applied Science, Germany) by capillary transfer method and fixed on the membrane (Sambrook and Russell, 2001) . A 1002-bp PCR-amplified fragment corresponding to the coding sequence of the Pvpgip1 gene was used as a probe. The fragment was labeled with DIG-dUTP using the PCR DIG Probe Synthesis Kit (Roche Applied Science). Hybridization, high stringency washes, and detection were performed according to the instruction manual of the DIG DNA labeling and detection kit. , pH 4.5], and supplemented with 1% apple pectin. Culture was incubated in a rotary shaker at 120 rpm and 21 °C for 12 days, and the filtrate was used for the PG activity assay.
Determination of the polygalacturonase inhibitory activity by agarose diffusion assay
Frozen leaves of the transgenic plants positive to PCR were subjected to protein extraction. Tissue was homogenized in liquid nitrogen and resuspended in 20 mM Na-acetate buffer (pH 4.6) containing 1 M NaCl. Homogenates were incubated under gentle shaking for 1 h at 4 °С and Figure 2 . The process of transformation and regeneration of sugar beet plants: (a) the cutting of shoot apices; (b) shoot apices on shoot-inducing medium I; (c) shoots obtained from shoot apices; (d) leaves from shoots shown in (c) were used for transformation on shoot-inducing medium II; (e) chlorotic shoots and green kanamycin-resistant shoots formed on selection medium; (f) regenerated shoots transferred to growth medium and putative transgenic shoots propagated on shoot-propagation medium for preparation of clones, with many shoots formed around the shoot base; (g, h) putative transgenic plant with induced roots on rootinducing medium; (i) regenerated plant transplanted to a pot and acclimated to nonaseptic environment to obtained seeds. centrifuged for 10 min at 10,000 × g and supernatants were transferred to fresh tubes. The protein content was determined against BSA according to the Bradford assay (Bradford 1976) , and 30 µg of crude protein extract was assayed for inhibitory activity against a crude preparation of the endo-polygalacturonases produced by Colletotrichum lindemuthianum (ClPG).
The inhibitory effect of the PvPGIP1 against the ClPG activity was measured using an agarose diffusion assay (Taylor and Secor, 1988) . The crude ClPG preparation and/or the plant protein extracts were added to the wells of 0.8% agarose plates containing 100 mM sodium acetate, pH 4.6, and 0.5% citrus pectin (Sigma P 3850). Plates were incubated for 16 h at 27 °С, and the halo caused by the enzyme activity was visualized after 1 min of treatment with 6 N HCl. Inhibitory activity was expressed in percentage as described by Ferrari et al. (2003) .
Statistical analysis
The experiments were based on a completely randomized design with three replications per treatment. The data collected were subjected to analysis of variance test with SPSS software. The means were compared using Duncan's multiple range tests.
Results and discussion
Agrobacterium-mediated transformation of sugar beet plants
Leaves of regenerated plants were used as explants for transformation experiments. A total of 1000 explants of SBSI-01 and SBSI-02 (500 explants for each cultivar) were cocultivated with Agrobacterium strain GV3101 in the five transformation experiments reported here (Table 1) . During the selection period on kanamycin (50 mg L -1 ), the majority of explants gradually turned brown, whereas some green kanamycin-resistant sugar beet shoots were observed after 4 weeks (Figure 2e ). The green shoots were subjected to selection with higher levels (100 mg L -l ) of kanamycin. The resistant plants were then subjected to a regeneration process (Figure 2f) . In transformation experiments, 20% and 23.9% of plants showed resistance to the kanamycin selection for SBSI-01 and SBSI-02, respectively (Table 1) . A total of 39 resistant green plants for both cultivars were positive to the PCR, confirming the presence of the transgene (Table 1) . No albino plants were observed in the experiments. All the plants developed a functional root system in the selective rooting medium and survived transplantation (Figures 2g and 2h) . The regenerated plant transplanted to a pot and acclimated to non-aseptic environment to obtained seeds (Figure 2i ). Transgenic plants obtained from Agrobacterium-mediated transformation had simpler hybridization patterns and were estimated to have 1 to 3 transgene copies. In comparison with the previous systems reported for sugar beet transformation (Joersbo et al., 1998; Ivic-Haymes and Smigocki, 2005) , our method was characterized by higher transformation efficiency, a lower transgene copy number in plants, and a shorter period to recover transgenic plants. Furthermore, low transgene copies reduce the possibility of gene silencing and increase the stability of the transgene (Iglesias et al., 1997; Li, 2008) .
Agrobacterium-mediated transformation of sugar beet is often genotype-dependent (D'Halluin et al., 1992a) , and in order to evaluate if the protocol was suitable for other cultivars, we transformed plants belonging to the cultivars SBSI-01 and SBSI-02. Among 1000 pieces of infected explants, 20% and 23.9% developed green shoots under 100 mg dm -3 kanamycin selection, and 33% and 34.5% of green shoots were PCR-positive for SBSI-01 and SBSI-02, respectively, showing high transformation efficiency and confirming the general effectiveness of the method. Table 1 . Transformation efficiency of tissue-cultured leaf explants of two sugar beet genotypes using the pBIAB17 plasmid carrying the Pvpgip1 gene. 
Detection of the inhibition capability of the transgenic sugar beet plants harboring the Pvpgip1 gene against ClPG
PGIPs from Phaseolus vulgaris inhibit several PGs including the ones produced by C. lindemuthianum and C. acutatum D'Ovidio et al., 2004) . The inhibitory activities of the protein extract from wild-type (untransformed) and transgenic sugar beet plants were assayed by agarose diffusion assay against a crude preparation of PG from C. lindemuthianum (ClPG). Endogenous inhibitory activity against ClPG was not detected in the wild-type sugar beet while inhibition was found in several transgenic plants (Figure 3) . The crude protein extracts of different plants inhibited ClPG to different extents, suggesting that the levels of the inhibitor varied in the different transgenic plants ( Table 2 ). The boiled protein extracts did not show any inhibitory activity, confirming that the inhibition was due to proteins (data not shown). Different expression patterns of the Pvpgip1 gene occurred in 12 and 8 of the PCR-positive plants of cultivars SBSI-01 and SBSI-02, respectively (Table 2 ). Plants expressing the antifungal genes have shown increased resistance but not total resistance to the pathogens. This may be due to the variation in expression of the transgene, which is determined mainly by the site of insertion or promoter strength (Zhu et al., 1994 ). De Bolle (2003 also demonstrated a high variation of transgenic expression in Arabidopsis thaliana. The reduction in Rhizoctonia solani disease incidence ranged from 25% to 60% for the chitinase transgene-expressing plants (Howie et al., 1994) . The inhibitory effect of PGIP1 against fungal PG activity was measured using an agarose diffusion assay (Taylor T0-130, T0-025′, T0-063, T0-061′  75  T0-017′, T0-015, T0-083, T0-114′, T0-066′, T0-04, T-034   50  T0-088, T0-065  50  T0-066, T0-036, T0-02′   25  T0-022′, T0-064  25  T0-090, T0-068 a Inhibitory activity was determined by agarose plate assay using a crude preparation of ClPG and 30 µg of protein extract from untransformed and transgenic plants. Twenty out of 39 independent transgenic plants showed expression of PvPGIP1.
and Secor, 1988) (Figure 3 ). Seven out of 20 PCR-positive plants showed high levels of expression of PGIP (≥75% inhibition) and 5 plants showed 25%-50% inhibition in the SBSI-01 cultivar ( Figure 4 ; Table 2 ). In the SBSI-02 cultivar, 4 out of 19 PCR-positive plants demonstrated 75% and 4 plants demonstrated 25%-50% inhibition ( Figure  4 ; Table 2 ). The interactive effect between PvPGIP1 and ClPG was found to be statistically nonsignificant for the remaining transgenic plants of both cultivars. In conclusion, based on the results presented in this study, the Pgip1 gene from Ph. vulgaris is an efficient polygalacturonase inhibitor and it will be useful to improve sugar beet fungal resistance.
Southern blot analysis of transgenic sugar beet plants
